Introduction
The purpose of this study is to devise a methodology for, and forecast of-the ultimate volume of oil and gas expected to be found in the Minnelusa play of the.Powder River Basin, Wyoming.
The Minnelusa Sandstone Play
The Minnelusa sandstone play, on the broad east flank of the Powder River Basin, describes the occurrence of oil in a suite of primarily stratigraphic traps in the upper part of the Pennsyivanian and Permian Minnelusa formation. Reservoirs are principally quartzose aeolian dune sandstones of Wolfcampian age within a complex cyclic sequence of carbonates and sandstones of marine and non-marine origin.
Some Minnelusa traps are associated with a regional unconformity at the top of the formation. Others are formed by local variations in porosity and permeability related to depositional and diagenetic factors particularly of these (Van West, 1972; George, 1984; Fryberger, 1984) (Fig. 1 ). The play is limited to areas underlain by sandstone reservoirs in the upper part of the Minnesula formation, the "Upper Minnelusa" of industry usage. The oil is believed to derive from dark marine shales in the underlying Desmoinesian sequence (Clayton, 1984) . To the south the play appears to be limited by the widespread occurrence of evaporites in the upper part of the Minnelusa in that area and their probable adverse effects on migration and reservoir porosity.
Lack of any large scale structural features within the play, beyond the bounding Black Hills monocline, emphasizes the importance of small scale stratigraphic and structural controls on hydrocarbon entrapment, which are readily documented in detailed studies. The significance of subtle larger paleotectonic features, such as the Belle Fourche Arch of Slack (1981) remains problematic.
The Study Area
For purpose of analysis, the Minnelusa is divided into two parts; one is the region which is moderately or extensively explored; the second is the remaining area which is very lightly explored. Statistical methodology will be applied to the former area while estimation by analogy is used in the latter. This report is concerned with estimates of undiscovered oil and ga fields in the moderately to extensively explored portion of the Minnelusa trend. Figure 2 shows the area of the Powder River Basin in which the Minnelusa Play has been moderately to extensively explored by drilling of wells. The symbols on the figure used to delineate the explored area of the play and a description of the data used to construct the figure are given in Appendix I. A brief description of the program logic used to construct the map is also given in Appendix I. The computer program used was written by David Root.
Description of the Data File
The study is based on 1,710 wildcat wells, beginning with one drilled in 1930 and continuing with those drilled through December, 1981. During this period, 151 oil fields but no gas fields were discovered. They contained 381.5 million barrels of oil (BO) and ranged in size from a few thousand BO to 51.7 million BO in the Raven Creek field, discovered in March, 1960. Dissolved gas associated with these fields is very small and is not included. The number of wildcat wells and discoveries by year is presented in table 1.
From the results of the geologic analysis, the play was described, geographically delineated, and the boundary digitized to provide a framework for managing and editing stratigraphic, exploration, and geographic data for use in resource assessment studies. Exploratory drill holes were then mapped for the Minnelusa play, using data retrieved from the Well History Control System (WHCS) from a file of over 30,000 exploration and development wells in the basin. There were 1,710 exploratory tests for the Minnelusa play. The data were carefully analyzed to insure that all discovered pools in the Minnelusa play were represented by a single discovery well.
Finally, an example oil and gas field data file was created for the Minnelusa play, using several sources, which summarizes published data for each pool. This file contains information on 151 separate pools discovered through 1981. It characterizes the geologic properties of each reservoir, and it gives size data for pools, which were in part generated or verified by independent extrapolation of ultimate recoveries from production data.
Principal sources of field data were PDS, WGA Powder River Basin Field symposium (1981) , and state production statistical summaries.
Analysis of the Historical Rates of Discovery
For purposes of analyses the 151 fields discovered through the end of 1981 were partitioned into size classes. The endpoints of each of these class intervals age given in table 2. In figure 3 , the graphs of the cumulative discovery curves for oil and gas fields in classes 11 through 15 (the letters 'k' through 'o') reveal that most of these largest fields were discovered very early in the exploration history of the region. (The letter k symbolized the data for field size class 11,1 field size class 12,..., onto o for size class 15). For example, all the fields in the four largest class had been discovered by early 1967 when only 727 wildcat wells had been drilled in the region. No fields were discovered in size class 14. This pattern of discovery, in which the largest fields are discovered early, is widely observed in other plays.
The cumulative discovery curve of size class 10 (the letter 'j') at about 300 cumulative wildcat wells begins to show a rollover effect (Fig. 4) .
The curve remains flat till 600 wells approximately, but then between 600
and 700 wells and again between 1200 and 1300 discoveries occur frequently.
The characteristics exhibited in this discovery curve are suggestive of a multiple play. Leasing or other restrictions on drilling can sometimes cause this periodic group of discoveries; however, the form of the discovery curve in class 10 may be due to statistical fluctuation.
By contrast, the cumulative discovery graph for class 9 (0.76 x 10^ BO to 1.52 x 10 6 BO; the letter 'i' in fig. 4 ) shows that fields of this size are found at relatively even intervals throughout the discovery sequence.
It can be deduced from this observation that many more fields of this size remain to be discovered in the study area. Class size 9 is the mode of the distribution of discoveries with 27 fields having been discovered through the end of 1981.
Estimating the Undiscovered Petroleum
Before an estimate of the number of oil and gas fields remaining to be found can be made, a brief digression is made to note that the sudden termination of the discoveries in class sizes 11 through 15 precluded the use of a 'smooth curve' discovery process such-as the negative exponential, Arps-Roberts model. For example, in size class 11 (the letter 'k') in figure 3, fields were discovered at a more or less uniform rate through the 15th discovery which occurred in April, 1975 , by the 1198th wildcat well.
No other discoveries in this class were made during the drilling of 412 additional wildcat wells. Because of the failure to discovery fields in i these size classes during this period, we infer that the probability of discoveries of additional fields is very small.
The lack of a well defined asymptotic behavior in the graph for the cumulative discoveries for field size class 10 suggests that a number of fields remain to be discovered in this size class. The nature of the size class 10 data series makes it difficult to obtain statistically meaningful results using an Arps-Roberts type of approach. As an alternative, a negative exponential model was fit to cumulative BO in size classes 10 and greater. The cumulative BO discovered for each 100 wells for classes 10 and greater versus cumulative wildcat wells is plotted in figure 5 . The model used to estimate the ultimate volume of BO in these size classes is:
where UIQG ^s ultimate volume of on expected to be found in size classes greater than or equal to 10 and Uw is the oil found by w wildcat wells in these size classes. The ultimate UIQG and k were estimated by NLIN2 (Marquardt, 1963) , a nonlinear least squares program and yielded UIQG = 361.1 x 10 6 BO. There were 332.8 x 10 6 BO found by 1,710 wildcat wells through the end of 1981. Thus, 28.3 x 10^ BO is the estimated undiscovered volume of oil in size classes 10 and greater. This BO was assigned to class 10 and resulted in 12.5 additional fields expected to be discovered (12.5 = 28.3/2.26, where 2.26 x 10^ BO is the average field size of discovered deposits in class 10). A similar type of estimation procedure was used in a study of the Permian basin (pages 22 to 28, USGS, 1980). The oil and gas remaining to be discovered in the study area is expected to be found in small fields. An estimate of the number of remaining fields is obtained by assuming that the underlying field size distribution follows a Pareto, or that the number of fields in the different size classes has a geometric distribution and that the distribution of discovered fields which appears to be lognormal in shape results from economic truncation. For example, see Drew, Schuenemeyer, and Bawiec (1982) , and Schuenemeyer and Drew (1983) . For the Minnelusa data it appears that the economic truncation point is between classes 9 and 10 (at approximately 1.52 x 10^ BO). As a consequence of economic truncation the numbers of fields in smaller size classes (size class 9 and smaller) have been under reported and thus it is not possible to obtain meaningful estimates in these size classes using standard discovery process estimation techniques.
When sufficient data are available, an estimate of the geometric ratio r = Fj__^/Fj_, where Fj_ is the ultimate number of fields expected to be found in size class i, is obtained directly. For this study, r = 1.65 was chosen by analogy. In order that the number of fields expected to be found in size class 9 and smaller does not depend exclusively on the estimated ultimate number of fields in size class 10, a smoothed estimate of the F^ (F|) in the larger (non-truncated) size classes is made. To preserve the expected ultimate oil in size classes 10 through 13 set:
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where U 10G -U 14G = (361.1 -51.7) x 10 6 BO = 309.4 x 10 6 BO the expected ultimate oil in size classes 10 through 13, F*^ is the smoothed estimate for the ultimate number of fields to be found in size class 13, and yi is the mean BO in size class i. (Siz*e classes 14 and 15
were excluded from the smoothing process because they contained only one field.) Solving the preceding equation, yields F*3 = 6.217 x 10 6 BO. and are given in column 3 of table 3.
A result of this analysis is that 141.5 x 10^ BO is estimated to remain to be discovered in the study area in field size class 10 down to and including field size class 6 (95,000 to 3,040,000 BO). About 73 percent of the total amount of oil and gas occurring in the Minnelusa in fields larger than 95,000 BO has been discovered. The oil and gas that remains is forecast to occur in 363.6 expected fields. From table 3, it can be seen that the volume of oil and gas remaining to be found is uniformly distributed through size classes 6 through 10. Forty percent of the BO remaining to be found is expected to occur in the 306.1 smallest fields (those in classes 6 and 7). For the case where the cell is surrounded by three wells the areal drilling density is at least 3/IIR2 wells/square mile. For the rarely-occurring case where the cell center lies on the line connecting only 2 wells the drilling density is at least 2/IIR2 wells/square mile. These maps have been constructed, unless otherwise noted, using a radius of two miles. For a prospective cell with 3 wells inside the 2 mile radius and surrounding the undrilled grid cell, the drilling density is at least 0.2M wells/square mile.
For most productive plays the prospective cells, based on a radius of 2 miles, together with the drilled cells, help delineate "exploration fairways(s)" in the play.
Producing Cell Infill Routine -Oil and gas development wells are sometimes spaced more than 1/2 mile apart and, therefore, the distance between producing wells is greater than the grid cell spacing of 1/2 a mile.
Two routines in the program identify additional producing cells that do not contain any producing wells. The first routine infills any undrilled cell that is surrounded on at least 3 sides -by producing cells in the same play or zone. The commodity identified for these cells is determined by the commodity or commodities produced in the surrounding cells. The second routine, which follows the first routine, infills undrilled gas producing i cells not identified by the first routine. The second routine operates in the same way as the prospective cell routine but in this case uses only the gas producing wells in the file. Normally a radius of 1 mile is used to calculate the undrilled gas producing cells.
Drilling Statistics
The drilling statistics are for all wells that penetrate the play zone. Care should be exercised in using these data because they may include data for plays or zones that underlie the play or zone being mapped. 
